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I. . Introduction
The Pinhole Occulter Facility (P/OF) is a Space Shuttle based
experiment for the production of solar coronographics and hard x-ray
images. The system is basically a pinhole camera utilizing a deploy-
able 50-m flexible boom for separating the pinholes and coronograph
shields from the recording devices located in the Shuttle bay. At
the distal end of the boom from the Shuttle is a 25 kg mask contain-
ing pinholes and coronograph shields. At the proximal end the detec-
tors are located and mounted, along with the deployable boom, to the
ASPS gimbal pointing system (AGS).
the mask must be pointed at the sun with a high degree of pointing
stability and accuracy to .align the axes of the detectors with the pin-
holes and shields. Failure to do so will result in a blurring of the
images on the detectors and a loss of resolution. Being a Shuttle based
experiment, the system will be subjected to the disturbances of the
Shuttle. The worst of these is thruster firing for orbit correction;
i
the Shuttle uses a bang-bang thruster control system to maintain orbit
to within preset limits. Other disturbances include man motion, motion
induced by other systems, and gravity gradient torques.
^
The control system of the pointing mount can sense both position
of the mask tip relative to the base and pointing error and uses these
to accurately estimate the flexible body modes of the system and point
the boom. An optimal control/suppression scheme is then used to control
the flexible modes. Acceleration feedback is used to point the system.
Disturbances are detected by accelerometers in the AGS and are used as
negating commands to drive the system and reduce disturbance effects.
1
An overall layout of the P/OF system is shown in Figure 1. Motions
A A A
of the boom are measured in the x, y, z coordinate system which is centered
on the gimbal axes. The AGS is mounted 2.2 m forward and .75 m above the
Shuttle cm. The vector y is the total pointing vector of the system; the
difference between vector y and the vector command is the total pointing
A
error of the system. The vector d is the pointing of the base of the boom
(AGS mounting plate). The vector m is (assuming rigid boom-mask mounting)
ys
y - d.
The simulation of this system will be by state space analysis. The
boom maintains vibrational states called flexible modes as well as rigid
rotational modes. The Shuttle is modeled by rigid rotational and rigid
translational modes. The AGS is modeled by use of phase variables and ran-
dom noise. The sensors are modeled as constant gains with random noise.
The states used in this study are defined in Table 1.
FIGURE 1
P/OF SYSTEM LAYOUT
NOTE: BENDING OF BOOM GREATLY EXAGGERATED.
TABLE 1
SYSTEM STATE DEFINITION
Xc - CONTROLLED STATES (8 total)
These are the states which define the flexible body positions
and velocities (modes) of the experiment. They are acted on
(or controlled) by the inner loop controller -KX .
XR - RIGID BODY STATES (6 total)
These are the states which define the rigid body positions and
velocities (modes) of the experiment. Physically they represent
the angular displacements and velocities of the experiment.
They are acted on by the PID controller.
X$ - SUPPRESSED STATES (8 total)
These states represent additional flexible body positions and
velocities (modes) of the experiment. These states are not
physically suppressed by the inner loop controller; the design
of the inner loop controller is such that its effect on these
states is minimized.
Xsh " SHUTTLE STATES (12 total)
These are the states that define the shuttle orbiter. Physically
they are the linear and angular positions and velocities of the
Shuttle.
XG - ACS STATES (13. total)
These states define the modal filters of AGS plus the proportional-
integral-derivative (PID) controller.
II. Gimbal (AGS) System
In the P/OF system, all instruments, boom and mask must be pointed
at the sun. All motions of the Shuttle (linear and angular) are angular
changes as seen by the instruments. This enables a three dimensional
angular pointing mount system to be used. For reduced pointing errors
the angular suspension pointing system (ASPS) can be used. The
ASPS gimbal pointing system (AGS) was used in this study,
II.1 AGS Layout
Figure 2 illustrates the layout of the major elements comprising
AGS: Mwo identical gimbal assemblies are stacked to form an elevation
and a lateral gimbal pair. The lower (elevation) gimbal provides an
angular range of ± 100 degrees (from vertical), and the upper (lateral)
gimbal provides cross-axis positioning of ± 60 degrees. The gimbals are
mechanically limited by an adjustable stop arrangement to prevent contact
with the Shuttle. A Mounting and Jettison Assembly (MJA) is used to con-
nect the gimbal pair with the underlying mounting structure. During
launch and landing, a separation device within the MJA physically dis-
connects the mounting base from the AGS gimbals which are independently
caged with the experiment to the mounting structure. This approach pre-
vents indeterminant load paths from occurring across the gimbal bearings
due to static deflection of the mounting structure and launch or landing
environmental loads. The MJA also contains a pyrotechnically actuated
jettison system, which provides for total separation (and jettisoning)
of the experiment/AGS gimbals in the event of a multiple failure in
orbit. An accelerometer unit mounted on the MJA senses orbiter motion
12]for use in a feedforward decoupling control law.
t/5
The gimbals are connected to the experiment through a Payload
Mounting Structure (PMS) and an Experiment Mounting Structure. The
PMS consists of a nominal 1 meter diameter mounting plate and an
adapter section which connects with the lateral gimbal. An optional
third gimbal to permit rotation about the payload line of sight (roll
axis) can be inserted at this location. Since the payload mounting
plate is removable, experiment integration can be accomplished inde-
pendently of the pointing system. Also, the flat end-mount configura-
tion of the mounting plate permits overhanging to accommodate the
[2]large POP boom, coronographs and x-ray detectors.
Each of the Coarse Gimbal Assemblies contains a permanent magnet,
brushless two-phase dc torquer, a multispeed wound rotor resolver for
commutation of the torquer drive signal and a single-speed wound rotor
resolver for position readout and control of the gimbal angle. Since
both elevation and lateral gimbals have a limited rotational freedom,
electrical connections are carried across the rotating gimbals through
flex capsules. The flex capsules contain flat flex tapes which are
looped between concentric cylinders in the center of each gimbal.
Duplex gimbal bearing pairs are used in each gimbal assembly in a
fixed/floating cartridge arrangement. The cartridges permit the bear-
ing preload to be set by tolerances within the cartridge itself ;x dimen-
sional changes which result from temperature variations cause the
sliding cartridge to move axially without inducing mechanical stresses
[2]
or upsetting the bearing preloads.
The AGS inertia! sensors will be mounted on the experiment mount-
ing structure for coalignment with the experiment. These sensors include
the DRIRU-II (on all missions) and one or more angular error sensors as
discussed in the Sensor Study Section (III). Control and data interfaces
with the sensors are provided by a Payload Electronics Assembly (PEA) which
is connected to the remainder of the AGS electronics through a multiplexed
serial data system.' The PEA is a general purpose microprocessor-controlled
interface unit which provides a Remote Interface Unit (RIU) compatible
serial interface with the position sensors, and a special purpose inter-
face with the DRIRU-II. Experiment control and data is handled by a stan-
dard Remote Acquisition Unit (RAU) which connects to the Spacelab Command
and Data Measurement System (CDMS). Additional lines are also provided to
the experiment for high speed data, control and power. Both the PEA and
F21RAU are located on the payload side of the AGS gimbals.
Primary AGS electronics consist of a Gimbal Electronics Assembly
(GEA), Digital Electronics Assembly (DEA) and NASA Standard Spacecraft
Computer (NSSC-II), all of which are mounted to a Spacelab cold plate on
the same Spacelab pallet as the AGS mechanical hardware. The GEA contains
analog electronics for modulation and demodulation of the gimbal angle
resolvers and for power drive of the two-phase, brush!ess dc torquers
used to position the gimbals. The interfaces with these electronics are
analog, and they are connected directly to A/D and D/A converters within
the DEA. A discrete system for driving an independent set of backup coils
in the torquers and for determining gimbal position using separate dis-
crete type optical sensors is also provided by the GEA. When connected
through, hard wiring to a contingency panel in the Orbiter or alternatively
to the subsystem CDMS, this system provides .a fully redundant backup
caging capability for the AGS. The GEA also contains electronics which
operate the experiment launch locks and power switching for all of the AGS
F21
electronics (sensors, PEA, DEA and NSSC-II).1 J
8
The DEA is a microprocessor-controlled general purpose interface
unit which provides data input and output to the NSSC-II. Interface
modules permit serial data transfer to and from the PEA, analog input
and output signals to the GEA and Accelerometer Unit, discrete I/O with
the GEA, serial I/O with the Spacelab CDMS via a coldplate-mounted RAU
and serial output to the Spacelab High Rate Multiplexer (HRM).^ *
Flight software is organized into functional modules which are
relatively independent, as indicated in Figure 3. The Attitude Control
Module provides the servo error compensation and torque distribution for
the two gimbal control systems and is described first. Two ACS modes
are provided on the AGS depending on whether the gimbal resolver or the
IRU is used for feedback control of the attitude. These are defined as
the Gimbal Pointing ACS Mode and the Payload Pointing ACS Mode, respec-
tively. [2^
Gimbal (resolver) pointing will normally be used only during the
initial erection, holding or stowage maneuvers which involve a sequence
of individual gimbal axis rotations. All other operations will use the
Payload (IRU) Pointing Mode.
II.2 AGS Interfacing "
The AGS is accessible through the output sensors and Payload Elec-
tronic Assembly (PEA) and the NSSC-II computer. These access the regu-
lar torquer coils and can be used for rigid body control. Command inputs
to the gimbal originate in the NSCC-II which as seen in Figure 4 outputs
to the DEA which in turn activates the GEA and the gimbal.'- •*
In addition, a separate access is available. This path is through
the GEA directly to the two sets of coils in the torquers. This path
could be used if multiloop control is necessary such as rnodaT control of
u_
a:
UJ
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flexible bodies. For POP, this access appears to be promising.
II. 3 AGS Noise, Errors and Accuracy
For the purposes of this study all quiescent stability errors and
pointing inaccuracies shall be considered as noise. Pointing error
defines the total angular error that is allowed by the AGS. Pointing
error is the sum of pointing accuracy and pointing stability.
Pointing accuracy defines how close the AGS initially points the
experiment line of sight to the desired target. Pointing accuracy '
applies at the beginning of an experiment observation period following
an in-orbit calibration of the alignment errors, maneuverability to the
desired target and converqence of the altitude determination system over
the specific settling time. Examples of errors that contribute to
pointing accuracy are sensor readout errors and thermal distortion
occurring after the in-orbit calibration. The numeric values of point-
ing accuracy are considered to be 3a values (3 standard deviations) to
insure probability of target acquisition.
Pointing stability defines how close the AGS stays pointed to the
initial point during an experiment. Pointing stability is usually
thought of as two conditions: quiescent stability and disturbance re-
sponse. Quiescent stability is the case where no external disturbances
are acting on the AGS or experiment and steady state condition have been
reached by the Altitude Control System (ACS). Quiescent stability values
are considered as la. A pictorial view of these errors is shown in
[21
Figure 4. Table 2 contains a summary of the AGS pointing errors.
11
o«a- uj
01 =2:
TABLE 2
AGS POINTING ERRORS ORBITER
Quiescent stability
(la)
Pointing accuracy
(3a)
pay load
AGS
.2 arc sec
.1 arc sec
ASPS
.01 arc sec
.1 arc sec
360 arc sec
1080 arc sec
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II. 4 AGS Disturbances
The Shuttle VRCS limit cycle disturbance is the most significant
disturbance input to the AGS ACS. Six thrusters are utilized in the
VRCS each having 111.2 N. thrust. These disturbances are modeled as
ideal pulses of force of finite duration.
The Shuttle VRCS limit cycle disturbances are summarized in Table
3 for roll, pitch and yaw limit cycles. Also indicated are the axes of
the POP boom for each Shuttle limit cycle. The table indicates the - .
thrusters operating, pulse width, Y and Z axis forces and torques applied
to the Shuttle for each axis cycle. The Shuttle's angular and transla-
tional acceleration due to the limit- cycle are also listed. From this
table, it can be seen that roll is the most significant limit cycle
disturbance.
The effects of a limit cycle disturbance on the POP boom are not
those listed in Table 3 but must first be reflected through the gimbal
and accelerometer feed forward. A planar model was used for lateral
F21gimbal/roll and elevation gimbal/pitch VRCS disturbances. Each was
developed assuming the other axis was 0° away from vertical.
Figure 5 shows the development of the expression for acceleration
perpendicular to the AGS line of sight (LOS) for roll. The first of the
two equations at the bottom of the figure gives the acceleration as a
function of angular and translational accelerations. The second uses the
values of Table 3. Figure 6 shows the same development for the elevation
gimbal/pitch VRCS limit. The two equations at the bottom of Figure 6 are
as above. ,
Figure 7 shows the net acceleration perpendicular (A hgs) to tne
•j
LOS in m/sec for both elevation gimbal/pitch and lateral gimbal/roll VRCS
14
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FIGURE 7
SHUTTLE ACCELERATION PERPENDICULAR TO AGS LOS
X LflTERRL GIMBRL & ROLL
VRCS DISTURBRNCE PLRNRR MODEL
* ELEVRTION GJMBRL PITCH
V R C S DI^TJURBflNCE PLRNRR MODEL
120.oo
ELEVRTION GIMBRL RNC-LE
LRTERRL C-IMBRL RNC-LE
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disturbances resulting from the planar model. .For POP boom the
are those nearest 0°. The worst of these disturbances can clearly be
2
seen as a roll VRCS firing resulting in an A..os = .0028 m/sec .
This A.,
 QS is' then reflected to the load as shown in Figure 8.
Not only is this disturbance passed forward through the gain conver-
2 2sion from m/sec to RAD/sec but it is picked up by the accelerometer
which tries to negate this signal. Figure 9 shows the resulting,
angular acceleration disturbances at the base of the POF boom for an
Kjn
accelerometer of 20 Hz bandpass Kfl = 1 and -^ = .05167 RAD/m(roll) and
KTD A JEQ
T— = .05239 RAD/m (pitch). The bandpass of the accelerometer was
TEQ
set" at 20 Hz. in this study so that gravity gradients would be de-
coupled and the effects of thruster firing on the large inertia of the
POF system would be minimized. The response of the accelerometer can
be modeled as impulses as shown in Figure 9.
II. 5 AGS Limitations
The chief limitation to the AGS is the total available torque per
r?igimbal axis of 33.9 NT-MT1 . If this torque limit is not adequate for
both rigid body pointing and active mode damping the future development
of larger AGS torquers may be required. In addition the AGS pointing
accuracy of .I/arc sec (3o) may not be adequate.
19
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III. Aspect Sensing System
The Aspect Sensing System (ASS) for P/OF must yield fine measure-
ments of: 1. modal vibrations about each of the three boom coordinate
axis, and 2. rigid body rotations about each boom axis. In addition,
coarse measurements must be available for deployment and target acqui-
sition. This report will deal only with fine measurements.
The following system is proposed: A fine LOS sun sensor, a laser
interferometer and a star tracker. The fine LOS sun sensors would yield
a combination of the error in rigid body rotations plus modal vibrations
about boom pitch and yaw. This sensor could not detect boom roll.
The laser interferometers would detect the relative angles between
the boom base and tip. These angles are the result of modal vibrations.
The flexible body modes can be estimated from these measurements. The
output of the interferometer system subtracted from the fine LOS sun sen-
sor would yield the error in rigid body rotations.
The star tracker would be used to measure rigid body boom roll.
From the star tracker, error in rigid body roll can be obtained.
III. 1 LOS Fine Sun Sensor
A configuration which allows the sun sensor to view the sun through
F41a small window in the mask is shown in Figure 11 . The required four
sectors of the solar limb are viewed through the window by four penta-
prisms, each of Which relays the view to a corresponding pentaprism located
over the sun sensor objective lens. (Only two pairs of the four pairs of"
pentaprisms are shown in this figure). Pentaprisms are used here for their
constant deviation characteristic, which simplifies the alignment and
mechanical stability requirements. The angular deviation of a ray by a
pentaprism in a plane mutually perpendicular to entrance and exit faces
22
is a constant, regardless of minor tilts and misalignments of the prism
itself. Pentaprisms are commonly made with deviation angles equal to
90°, +1 arc second. The purpose of the bandpass filter over the window
in the occulter is "to prevent radiation passing through the window in
the occulter from raising the stray light levels in the White Light
o o
Coronagraph. The nominal bandpass of this filter is 8250 A to 8750 A.
A similar filter is placed over the objective lens of the sun sensor to
decrease the effects of stray light on the aspect signals from this
sensor.
The spacing between the outer pentaprisms will be approximately
equal to the boom length times the angular diameter of the sun. Thus,
it would be 46.5 cm for a 50 meter boom. Nominal apertures for the
window, the pentaprisms, and the objective lens are 5 cm, 2.5 cm, and
8.0 cm, respectively.
The four sectors of the limb are imaged onto the field stop by
the objective lens, as shown in Figures 10 and 11. The field stop con-
tains four cross-shaped cutouts, behind each of which is a separate
detector. Nominally, the image of the solar limb will lie along the
centerline of those arms of each cross which are tangent to the limb
when the sensor is pointed at the center of the sun, as shown.
Initially, the signal, rises slowly from zero .as the image of the
solar disk fills more and more of the inner radial arm of the cross of
Figure 11. Then, the slope of the curve suddenly increases as the
image begins to fill the tangential arms of the cross, with the signal
equal to Sc when the image of the limb lies at an angular position e^
along the centerline of the cross. Finally, the slope decreases again
as the image begins to fill the outer radial arm of the cross. The
purpose of the radial arms, of course, is to increase the angular dynamic
23
FIGURE IU
LOS SUM SENSOR LAYOUT
PLANAR WINDOW
(BANDPASS FILTER)
BANDPASS FILTER
OBJECTIVE LENS
OCCULTER
PENTAPRISM
FIELD STOP
DETECTORS
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FIGURE 11
LOS SUN SENSOR FIELD STOP
30 SEC
DETECTOR
SIGNAL
9
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range of the sensor. The purpose of the tangential arms is to increase
the slope of the error signals when the sensor approaches the orienta-
tion at which it is centered on the sun.
Typical dimensions for the cross-shaped cutouts are shown in
Figure 11. The arms are 30 arc seconds wide and a total of 5 arc min-
utes long, giving a total angular area of 4.75 square arc minutes for
each cross. When nominally centered on the sun, one half the area or
3.38 sq. min. of a cross will be filled with radiation from the solar
disk. Then, a change in the angular orientation e of 5 arc seconds
corresponds to change in illuminated area in the cross of .42 sq. arc
min., or to an 18% change in signal level. Similarly, a change in 6
of 0.3 arc seconds results in a signal change of 1.1%. Signal changes
of these amounts should be readily detectable, and should also be large
compared to the shifts in sensitivity of most stable types of detectors
which might be used here. Even a.change in e of 0.05 arc seconds corre-
sponds to a readily detectable signal change of 0.18%. Table 4 summarizes
the characteristics of the proposed LOS fine sun sensor as well as the
other components of the ASS.
III.2. Laser Interferometer
The laser interferometer measures the six coordinates necessary to
know the position of the mask (boom tip) relative to its base. A prelim-
T51inary configuration for this system is shown in Figure 12 . One laser
with beam splitters provides the source of all six measurements. In Fig-
ure 13, beam splitter would be located at A, D, P and Q, and detectors
at B, R, S, D and A. Interferometers are located along with each detector.
The six differences in distance are measured then (q-j - qg). With these
measurements, the relative positions and orientations of the mask are
26
TABLE 4
' ASPECT SENSING SYSTEM
INSTRUMENT
MEASURES
RESOLUTION
S/N
ACCURACY
WEIGHT
ERROR IN
AX, AY
LOS SUN SENSOR
RIGID BODY PITCH,
YAW
.05 ARC SEC
1000
±.0025 ARC SEC
1.4 kg
LASER
INTERFEROMETER
MODAL VIBRATIONS
.01 ARC SEC
2 x 106
±.005 ARC SEC
22 kg
.005 mm
STAR
TRACKER
RIGID BODY ROLL
.6 ARC SEC
3000
±.3 ARC SEC
35.4 kg
* For a 10 inch tracker
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given by
Dy = I.q2/d
D2 = D(q2 +
*x = q3d
These motions (q's) can be measured with a .1pm typical accuracy .
Resolution can be extended electronically down to .0016 ym with con-
f7l
ventional interferometers . This corresponds to .0003 arc sec for
a 50 m boom.
In addition, AC Laser Interferometers (ACLI) have high repeat-
ability and high accuracy ' . Accuracies of .5 parts per million are
routine. Long range optical paths are also typically in use (60 m).
The Hewlitt-Packard HP 5526 A has a range of 60 m and accuracies as
stated above. In addition, ACLI's can have bandwidths as high as lOHz
allowing for the measurement of modal vibrations. Table 4 summarizes
the characteristics of proposed ACLI's as well as the other components
of the ASS.
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III.3. Star Tracker
The star tracker is used to measure rigid body rotations about
the longitudinal axis (roll) of the boom. An additional measurement of
the rigid rotations, as measured by the LOS fine sun sensor, is pos-
sible. If targets other than the sun are studied, the star tracker
would be the only source of the measurement of rigid body rotations.
The basic functional elements of a star tracker and scanner are
shown in Figure 13. The optical system collects and focuses collimated
energy from a star and transmits it to the detector. The major optical
design consideration are aperture size, angular field of view, optical
rol
resolution, aberration, distortion and spectral transmissive efficiency.
The three types of optical systems generally employed are reflecting,
refracting and hybrid.
The radiation detectors are usually photomultipliers , vicicons or
photodiode arrays and the decision electronics are generally integrators
over a fixed period which increases the signal to noise (S/N) ratio. The
noise effect, which appears primarily as random shot noise at the detector
output, is minimized by extending the integrative time for star error
rqi
signals. This, in practice, means a reduction of the tracker bandwidth
to below 1 HZ.
The drive mechanisms in the cases of the photodiode array or vidicon
are electronic signals used to scan the detector and there are no moving
parts in the tracker itself. The electronic outputs are error signals in
tracking about the axes under study. These signals can be used to drive the
rigid body system error to zero. A summary of the star trackers character-
istics^ as well as other components of the ASS are shown in Table 4.
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IV. Control System
The Control System of the P/OF uses the gimbals of Section I as
actuators and the sensors of Section II. The plant to be controlled
is described in Section IV.1. The control laws are described in detail
in Section IV.2 and IV.3.
The Control System consists of two control loops as shown in Fig-
ure 14. The inner loop is a modal controller whose function is to ac-
tively add damping to the flexible boom. This is accomplished by mea-
suring the modes of the system at the boom tip (mask), adding phase to
them and actuating the base with this signal. The resulting vibrations
tend to cancel those vibrations present in the boom and it appears that
the damping of the boom is much greater than in actuality. The main
benefit of this method is the insensitivity of the controller to the
actual damping factor^ J of the plant model.
The outer loop controller of Figure 14 is the rigid body controller
that actually points the boom as if it were rigid. This controller affects
the modal controller only minimally and sets the bandpass of the system.
This system tracks the target using the Proportional-Integral-Derivative
(PID) controller of the AGS as well as other components of the AGS con-
troller. Noise reduction is accomplished by severely 1imiting the overall
bandpass of the system.
IV.1 The Plant Model
[12 13 141
The model of the plant has been detailed extensively1 ' ' .
These models will be reviewed and extended as required. The boom is,
modeled as a flexible + rigid body. These are the first three sets of
states of Table 1. The equations of motion are then,
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xc
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A
=
Ac 0 0~
0 As 0
_0 0 A£
XC
XS
?».
+
"
Bc
Bs
_V
(1)
where U is the 3x1 rotational acceleration matrix at the base of the
boom and
V
Ys
.
VR.
=
V.
\ ° °"
o cs o
.° °
 C8
Y
XS
_
XR,
(2)
Y = Yc. + Ys + YR (3)
where Y~ is the tip deflection due to the controlled modes, Y<~ the tip
deflection due to the suppressed modes and YD the tip deflection due to
the rigid modes. Note that YD is also the deflection of the base of therv
boom and Y is the total tip deflection.
The flexible body modes (natural frequencies) are functions of boom
length, width, mass and tip mass ' . The first eight (8) modes were
used in this study and resulted from a 50 meter x 1 meter boom with a 25 kg
tip mass. These boom frequencies and shapes are summarized in Table A-l
of Appendix A. The damping factor for' the boom appears to be in the 1-2%
region ^ as measured by the SEPS boom test.
-Using these data, the resultant A- and A<- matrices can be derived
and are listed in Appendix A. The rigid body motions are simply double
integrations of base accelerations and result in the AR matrix of
Appendix A. The input (B-, B<0 and output (Cc, C<.) matrices for the
flexible modes were derived from NASTRAN analysis^ ' -1 and are also
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listed in Appendix A. The input (Bj and output (CD) matrices for ther K
rigid modes are ones and zeros which simply reflect the double integra-
C141tion1 . These matrices are also shown in Appendix A.
Equations (1); (2) and (3) completely describe the motion of the
tip and base of boom due to accelerations at the base. These equations
do not however describe the effects that the actuator has on the system.
These equations are discussed in Section IV.3.
The scientific instruments to be used1 ' ' J are summarized in
Table 5 along with their respective masses, sizes and mounting locations.
The instruments consist of two (2) coronographs - one ultraviolet and one
white light, and two x-ray detectors on x-y tables. In addition to these
instruments, the LOS fine sun sensor, laser interferometers and star
tracker of Table 4 must also be mounted on the AGS mounting plate along
with the boom deployment canister.
Since the torque capabilities of the AGS actuator are limited to
33.9 NT-m (see Section II) a knowledge of the moments of inertia about
each of the gimbal axes is necessary. The moments of inertia are a
result not only of the boom-mask but also of the scientific instruments
loaded onto the AGS platform as well as the other gimbal drives and
mechanisms mounted above the axis under consideration. The moments of
inertia about each boom axis are listed in Table 6 for the boom perpendi-
cular to the mounting platform. The torque required if the system was
totally rigid would be the total angular acceleration about each gimbal
axis times the moment of inertia about that axis. Since the system is
not rigid but flexible, the total required torque has an upper bound of
the torque calculated assuming a rigid body.
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TABLE.5
SCIENTIFIC INSTRUMENTS
Instrument
U.V. Coronograph
White Light
Coronograph
X-ray Detector 1
X-ray Detector 2
Weight
(kg)
180
80
100
100
Size (m)
1.5x1.5x6
.60x2
lxlx.5
lxlx.5
*
Center of Mass
X Y Z
1.75
1.3
1.5*
1.5f
1.75
1.3
1.5f
1.5*
2
1
.25
.25
(0,0,0) is located in the center of the mounting plate, top
surface.
Movable X-Y table allows the cm to be changed in X & Y. These
figures are for the detector abutting the boom deployment
canister.
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TABLE 6
MOMENTS OF INERTIA
AXIS
BOOM
X
Y
Z
SHUTTLE
X
-Y
-Z
J 0)
P 2(KG-nr)
57230
57230
4250
M (2)p
(KG)
685
**
1013
685
(3)
rP
(m)
6.5
6.7
2.6
(4)
JEQ
86,171
88,429
8,880
From Nastran Analysis
**
Includes 328 kg for the X and Z gimbal assemblies.
(1) Jp 4 Moment of inertia of the payload about its own center
of mass (C.M.)
(2) Mp 4 Mass of the payload
(3) rp 4 Location of the payload C.M. relative to the gimbal axis
(4) 4 Total inertia about each gimbal axis = Jp + JG + Mprp
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IV.2 Modal Controller
The partioning of the state vectors in Equation 1 reflects the
objectives of the modal control system design. The controlled states, x ,
\f
must be controlled'to achieve satisfactory system damping off line while the sup-
rig 201pressed states, x , are known but not critical to the control design1 ' .
What we would like to do is effect changes in x and no changes in
either x or XD. The effect of the controller on the rigid modes or sup-S K
pressed modes is called control spillover. We wish on one hand to optimize
the system for/the controlled states and limit the control spillover: the
t
controlled states are actively damped while the suppressed states are not
excited by the controller and the rigid states are unaffected by it.
We have an optimum controller
u° = - K*
determined by using an index of performance
= / dt
which results in the modified plant equations:
AC - BCK , o , o
- BSK , As , 0
- BRK , 0 ,
Clearly, we would like to have for no control spillover:
xc
X s
.
XR.
_
.
 BRJ
K = 0 ,
(4)
(5)
(6)
(7)
38
which merely implies the orthogonality of Bn and K.
By modifying the performance index to include spillover terms (B,u)
we can simultaneously minimize the PI and the product B-.K. Including
these spillover terms in the PI, we have:
PI =
 0
/a>[xcT Qc xc + uT Rc u + (Blu)T Rs (B1 'u)] dt (8)
CO
= o [xj Qc xc + uT (Rc + B/ Rs B^ u] dt . (9)
Now by heavily penalizing the PI to suppressed state spillover (R<->»Rr),o C
we can force the maximization of the orthogonality of B-, and K. The feed-
back coefficient matrix can now be solved from the familiar matrix
riccati[14].
The control spillover into the rigid body states cannot be avoided,
but represents only steady state following errors. These errors can be
removed by the proper selection of controller gains for command inputs
and rigid body feedback. The design of a rigid body controller is
detailed in Section IV. 3.
The output of the modal controller (Equation 4) can be added to the
output of the AGS feedforward accelerometor (see Figure 14) and the AGS
driven by the resultant signal via the DEA-GEA. The modes themselves must
first be measured. This represents a more difficult task.
Due to the nature of the system (the forms of the matrices CG and
C ) an observer for the first eight modes which does not have signal present
from the suppressed modes could not be designed. This observation spill -
201
over could cause serious stability problems'- ' J. Two promising tech-
niques are available, however. The first technique is to bandlimit the
sensors detecting the modal vibrations and construct an optimal controller
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which is unaffected by the filter but yet does not undo the filter's
f 211
effects. Another technique is to use a comb filter which is phase-
locked to the modal frequencies and "combs" out the individual compon-
F221
ents.1 The relative components are then readily determined. The
value of the second approach is that the comb filters can be realized
T231in hardware which may now be less expensive than software.
The modal controller is strictly an active damping system. The
original eigenvalves for the controller states were for 2% damping:
X, n = X, . = .0217 + j 1.086 RAD/SEC
I , L. O ,f
*c A = *7 Q = -150 + j 7.50 RAD/SEC .
0,0 /,0- —
While the eigenvalves for the controlled states under the effects of the
modal controller are:
A, o = X, . = 1.3785 + j 1.0894 RAD/SEC
I ,£ 3,H
Ac c = A7 D = 1.2508 + j 7.4484 RAD/SEC .0,0 I ,o ' —
The effective damping ratio for the first four eigenvalves was increased
from 2% to 126.5% and the effective damping ratio for the second four
controlled eigenvalves increased from 2% to 16%. This yields time con-
stants (the inverse of real part of the eigenvalves) for all modes on
the boom of under 1 sec.
40
IV. 3. Rigid Body Controller
The rigid body controller consists of the outer loop of Figure 14.
This loop is comprised of the PID controller and modal filters of the
AGS, the plant, sensors with noise and unity feedback. Only the rigid
body modes (with modal spillover) are detected (as discussed in Section
III) and fedback with this controller.
The philosophy of design of this controller was to bandpass limit
the system to reduce noise but not to significantly affect the pole
placement resulting from the modal controller. The AGS has two areas
for design: the PID controller and the modal filter. The gains for the
T241PID controller were chosen for optimal tracking and were:
Kv(s2 + 2.02s + 2.08)f _ A _
bPIDX s
K(s2 + 4.116s + 3.62)y
GPIDY
K7(0.s2 + O.s + 1)
The PID controller gains determine the placement of zeros of the
system. The gains selected resulted in zeros being placed close to but
not canceling the poles of the first two modes. With the rigid loop
closed, the modal roots carmot migrate significantly for the first two
modes.
The remainder of the rigid body controller was designed using root
locus techniques. For this technique the transfer functions must be
[14]known. The plant equations are :
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= s
Yc(s)=Cc*0Bc (szefi(s))
2.668 . .267
s2+2.69s+2.99 s2+2.05s+56.3
0
0
-1.092 .108
s2+2.69s+2.99 s+2.05s+56.3
0
0
0
(szeG(s)) , (11)
Ys(s) = BC3 (s 8G(s)
•= s
.05s4+.052s3+2.521s2-.1074s+2.83 , 0
0 , .03s4+.028s3+l.505s2-.232s+l.695 ,
0 0
0
0
0
(s2eG(s) , (12)
and,
(s2+2.69s+2.99) (sZ+2.05s+56.3)(7^ +2.25+475.9)
YR(s) = CR $R BR [I - K*Q Bc] (s2 8G(s))
S4+1.04s3+50.39s2-l.94s+56.39 0
0 , 54+.94s3+50.18s2-7.5s+56.39
0
0
0
(s29G(s) , (13)
(s^ +2.69s+2.99) (s^+2.05s+56.3)
The overall gimbal transfer function is
s2e
GG = " GPID ' GM
where GM is the modal filter transfer function,n
The modal filters were chosen for X and Y to be:
(14)
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G = S2(s2+2s+401)
M
 (s2+8s+16)(s2+40s+400)
s2+2s+401
- o - o
(s2+20)2
The first term represents a bandpass limited differentiator so that the
rigid body system is type 1. The second term prevents the migration
of the suppressed modes to the right half s-plane and prevents instability.
The root locus plots for the rigid body controller are shown in
Appendix B. Plots are shown for the controlled and suppressed modes for
^ A A
X and Y and the rigid modes for X, Y and Z. The Bode plots for the rigid
s\ A A
body modes are shown in Appendix C for X, Y and Z.
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V. System Simulations
The system was simulated using a Univac llOQ/digital computer.
All equations of motion were first order state variable notation equa-
tions and were integrated using the fourth order Runge-Kutta numerical
integrator of Appendix D. Integration stepsize was varied between
.01 sec/step and .1 sec/step.
The computer programs which simulate the system along with their
respective flow charts are listed in Appendix..D. All the plant/control
equations are computed in subroutine FUNC. The subroutine RKSUB is the
Runge-Kutta integrator. The main program handles the input-output and
timing. All data related to the simulation is in Appendix A.
V.I. Plant (Boom-Mask) Simulation
The plant was simulated using the model of section IV.1. Equations
(l)-(3) of section IV.1 are repeated below. The first order state variable
equations are:
X
c
Xs
XR
=
A G O
c
0 As 0
0 0 AR
X,.c
X
'S
XR
B
(D
V
Ys
YR
=
Cs ° °
o cs o
_° °
 CR
_
Xc~
Xs
XR
(2)
and
Y = (3)
where YR is the rigid body deflection (both base and tip), YC the tip
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deflection due to the controlled modes (X ) and Y the tip deflection
t- S
due to the suppressed modes (X ).
V.2. AGS Simulation
The AGS was simulated using the frequency response equations of
Section IV.3. These equations were transformed into the time domain
using phase variables and resulted in the following state equations.
• *G = AMATXG + BG6'E < 1 6>
where the Xr's are the AGS states andb -
'
6E = "Rcom - VR • 07)
The matrices AMAT and B~ are listed in Appendix A.
V.3. Control Simulation
The P/OF control system is a two loop controller (as seen in Figure 14).
The driving functions for the plant (Boom-Mask) is the 3x1 U vector. This
vector is the sum of modal control + noise, the output of the AGS + the
disturbances + noise (see Section IV.4). The control law is, neglecting
the additive noises and disturbances
U = - KXC + CGXG (18)
where the X 's are driven by the 6^ of Equation (17).
V.4 Disturbance, Noise Simulation
The disturbance model used was the AGS VRCS disturbance model of
Section II.4. Both man-motion and thruster firing result in doublet
impulses being impressed on the boom base (see Section II.4). The distur-
bances, eg, are additive to the control equation (18) resulting in the
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following modified U:
U = - KXC + CGXG + 6D . (19)
The noise was 'modeled as a random stationary process of mean zero.
The standard deviation of each noise (N-. - N« of Figure 14) was determined
as follows. NO and 1%, the sensor noise, has the standard deviation of
Table 4 (+ J§ resolution) while N-, is the pointing accuracy of the AGS and
N2 is the quiescent pointing stability of the AGS. N-| , ^ , N., and N^ are
all 3x1 vectors.
These noise vectors further modify the control law of Equations (18)
and (IS) yielding
U = - K(Xc + N3) + CGXG + 6D + N] + N2 (20)
while the forcing function for <the AGS controller of Equation (17) becomes
6E = Rcom - R + N4
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VI. Results
The flight of the P/OF can be considered to be in three phases:
deployment, noise/drifting, and response to VRCS thruster firings. The
feedforward accelerometer decouples the shuttle gravity gradient (G.G.)
accelerations from the boom and no estimate of the boom G.G. rates are
attempted. The boom G.G. rates should be an order of magnitude less than
the shuttle rates and the results of earlier studies demonstrated the
ability of the P/OF to follow even the shuttle G.G. rates'-14'24-'.
The shuttle drifting simulation results are shown in Appendix E for
three deadbands: 1°, 2° and 5°. For a 1° deadband the mean period between
thruster firings is 40 sec but the thruster will fire in bursts of 15 times
to alter the shuttle's course. All data for the shuttle G.G. rates was
obtained from STS-1 data'-25-'. The period of the plots (3000 sec) is one-
half an orbit. For a 5° deadband the thrusters fired in bursts every 160 sec.
The results of the total system simulation which incorporated the
shuttle, AGS, P/OF, controllers, noise and disburbances are shown in Appen-
dix F. The shuttle drifting of Appendix E is verified in Appendix F. These
plots show tip response, base response (both in arc sec) and control effort
(arc sec/sec2). A summary of results is shown in Table 7.
VI.1 Deployment
Deployment of the boom involves extending the boom from its canister,
initial pointing, and calibration. To the simulation this means initial
boom displacements and velocities must be damped out and the boom pointed
at the sun. All of the deployment activities must be carried out in the
presence of noise. A typical deployment sequence can be seen in Figures
15 to 20. Figure 15 shows the initial damping out of modal displacements
and velocities. The initial conditions of these figures were
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TABLE 7
RESULTS SUMMARY
NOISE
VRCS DISTURBANCE *
ROLL x
y
z
PITCH x
y
z
YAW x
y
z
DISTURBANCE
SETTLING
TIME
DEPLOYMENT
SETTLING
TIME
TORQUE
x
y
z
SHUTTLE
DEADBAND
MAXIMUM
.06 ARC SEC
.5 - A R C SEC
.065 ARC SEC
.065 ARC SEC
.065 ARC SEC
.09 ARC SEC
.065 ARC SEC
.065 ARC SEC
.065' ARC SEC
.19 ARC SEC
1 SEC
10 SEC
14.9 N-m
5.7 N-m .
.8 N-m
1°
. RMS
.015 ARC SEC
.36 ARC SEC
.015 ARC SEC
.015 ARC SEC
.015 ARC SEC
.035 ARC SEC
.015 ARC SEC
.015 ARC SEC
.015 ARC SEC
.12 ARC SEC
1 °
INCLUDES NOISE
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FIGURE 15
. BOOM DEPLOYMENT SEQUENCE
(DISPLACEMENTS IN ARC SEC)
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FIGURE 16
. BOOM DEPLOYMENT SEQUENCE
(DISPLACEMENTS IN ARC SEC)
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FIGURE 17
BOOM DEPLOYMENT SEQUENCE
(DISPLACEMENTS IN ARC SEC)
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FIGURE 18
BOOM DEPLOYMENT SEQUENCE
(DISPLACEMENTS IN ARC SEC)
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FIGURE 19
BOOM DEPLOYMENT SEQUENCE
(DISPLACEMENTS IN ARC SEC)
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FIGURE 20
BOOM DEPLOYMENT SEQUENCE
(DISPLACEMENTS IN ARC SEC)
oooocooooooooooooooooooooooooo
oocooooooooooooooooooooooooooo
occccooooocooooooooooooooooooo
*- — cgco<D-«cc
ooooeooooooooooooooooooooooooo
oooooooooooooooooooooooooooooo
O 3 O O O O O C O O O O O O O O O OOOOOOOOOOOOO
e s c. co c <c i
a « < « « « « •
54
chosen at random. Figures 16-20 show the calibration and initial point-
ing of the boom. The torque required to initially damp the boom, point and
calibrate it did not exceed the 33.9 N-m capability of the ACS torques and
A ^ A
v/as limited to 14.9 N-m in x and 5.7 N-m in y. z did not possess modal
dynamics due to the low tip mass^ . Extended plots, and data of deploy-
-%
ment are shown in Appendix F, Figures Fl to F43 including torque plots.
All tip and base plots are in ARC SEC and all torgue plots are in N-m.
\
VI.2 Thruster Firings
The typical responses of the boom tip and base to thruster firings
are shown in Figures 21 to 23. Figure 21 shows a typical response to a
roll axis VRCS thruster firing. The maximum tip error was .6 arc sec while
the maximum base error was .048 arc sec. The maximum control effort v/as
28.9 arc sec/sec2 resulting in a torque demand of 8.1 N-m. A complete
thruster sequence is shown in Appendix F, Figures F44 to F61.
Figure 22 shows a typical response to a pitch axis VRCS thruster
firing. The maximum tip error was .03 arc sec while the maximum base
error was .02 arc sec. The maximum control effort was .8 arc sec/sec2
resulting in a torque demand of .337 N-m. A complete thruster sequence
is shown in Appendix F, Figures F62 to F100.
A typical response to a yaw axes VRCS thruster firing is shown in
Figure 23. The maximum control effort required was .0008 arc sec/sec2
or a torque of .01 N-m. The maximum tip and base errors were .19 arc sec
and .19 arc sec respectively. A complete thruster sequence can be seen
in Appendix F, Figures F101 to F139.
VI.3 Noise
Of considerable interest in the P/OF is the system noise. Noise
appears as random excursions of the boom tip (primary effect) and base
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FIGURE 21
ROLL DISTURBANCE RESPONSE
A = BASE
B = BOOM TIP
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FIGURE 22
PITCH DISTURBANCE RESPONSE
A = BASE
B = BOOM TIP
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FIGURE 23
YAW DISTURBANCE RESPONSE
A = B = BASE = BOOF^I TIP
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(secondary effect). Figures 24 and 25 show a typical on target noise
time course. The maximum noise was bounded by ,1 arc sec for the boom
tip and an order of magnitude less for the base. The rms noise was approx
A *"> A
imately .015 arc se'c for the boom tip in x, y and z (boom roll). Complete
A
noise characteristics about the x axis are shown in Appendix F Figures
F140 - 153 over a 15 sec time period.
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FIGURE 24
NOISE CHARACTERISTICS
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FIGURE 25 S
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NOISE CHARACTERISTICS
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VII. Conclusions
As the results show, the P/OF is asymptotically stable (returns to
rest at no displacement after an initial displacement). In addition the
P/OF has good pointing accuracy (lo = .03 arc sec.), good pointing sta-
bility (lo = .015 arc sec quiescent) and low disturbance responses (.5
arc sec maximum). The controllers utilized were an inner loop modal con-
troller which actively damped the P/OF boom and an outer loop rigid body
controller utilizing the PID controller of the AGS + the AGS modal filters.
The state of the art sensors proposed allow the system to work within error
tolerances. The AGS torquer appear to be sufficient to move and control
the P/OF's large inertia. Disturbances, either VRCS thruster firings or
man motion, do not have significant effects on the pointing stability of
the system.
f23"l
The main problem with a system of this type is cost. J The inner
loop controller requires filters plus an eight order estimator which could
cost as much as 3-4 million dollars alone. The implementation of the rigid
body controller plus modal filter could easily run just as much. Clearly,
a less expensive way of achieving the same results would be of great
benefit.
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IX. Appendices
IX.A. Plant Data
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APPENDIX A PLANT DATA
A.I. MATRICES
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Bs =
(8x3)
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1 , -2.02 , -2.08 , 0 , 0 , 0 , 0
0 , 0 , 0 , 1 , -4.116 , -3.62 , 0 (A-15)
0 , 0 , 0 , 0 , 0 , 0 , 1
5.15E-4, 7.77E-4,-1.29E-3,-1.96E-3,-1.49E-2,-4.26E-3,1.72E-2,4.92E-3
R= -1.29E-3,-1.96E-3,-5.15E-4,-7.77E-4, 1.72E-2, 4.93E-3,!.49E-2,4.26E-3
0 , 0 , 0 , 0 , 0 , 0 , 0 , 0
r(A-16)
A.2. MOMENTS OF INERTIA
for Roll (x-axis) Gimbal
KTD . MpRL3
JEQ
685(6.5) _ 4,452.5 kgm _ 4452.5 _
 n , ? -1
75230+685(6.5)^  (-57230+28,941) kgm2 86,171.25 U-UDID/ m
for Pitch (y-axis) Gimbal
KTD MG(RE2)+Mp(RE2+RC2+RC3)
[JGY+JpY+MG(RE2)2+Mp( RE2+RC2+RC3TT
328(.1064)+685(2(.1064)+6.5)
[ (328+57,230)+328(.1064);i+685(2(.1064)+6.5)z]
4633
'
2
 = .05239 nf188428.9
for YpY> assume entire mass of Gimbal is a 'thin1 disk 1m in dia.
then JGY = mr2 = 328(1)2 = 328 kgm2
-Mp = 685 kg; c.m. = 6.5m
SPERRY REPORT, April 1980 "Design & Performance of AGS" pg. 44
- TOTAL AGS WEIGHT w/ROLL(z-axis) + 328 kg = MQ
From Sperry Jpy = Jpx = 57,230 kgm2
RE2 = RC2 = .1064m RL3 = c.m. = 6.5m
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IX.B. Root Locus Plots
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IX.C. Bode Plots
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IX.D. Simulation Programs/Flowcharts
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IX.E. Shuttle Drift/Deadband
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IX.F. Simulation Results
IX.F.I. Boom Deployment Sequence
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IX.F.3. Pitch Axis VRCS Disturbance Responses
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IX.F.4. Yaw Axis VRCS Disturbance Responses
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IX.F.5. Noise Characteristics
Figures F140 - F153
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IX.G. LOS Sun Sensor Calculations
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Fine LOS Sun Sensor Calculation
1. .Passband: AX = .05 ym 8250 A° to 8750 A°
Transmittance = .5 x .5 = .25
2. Assumption: sun is a 5770°k Black Body
8 x 103 w/cm2/ym @ x peak
5.8 x 103 w/cm2/ym G» 8500 A°
1.9 x 103 w/cm2/ym/sr G> 8500 A°
3. A0 = 5 arc min A<|> = 15 arc sec (FIELD STOP)
4. Silicon detector
.Isec integration, X peak = 8500 A°
N.E.P. = 10"]1w
5. S/N = 1000
_ 1.9 x IP3 w/cm2/ym/sr x .25 x (.05 ym) x IP"7 sr x A x (.1)
10-"w
oTherefore A = .042 cm
Required collecting area.
326
